The emission by an initially completely inverted atomic ensemble in the long-wavelength regime is simultaneously enhanced by both collective effects (Dicke effect) and dielectric environments (Purcell effect), thus giving rise to a combined Purcell-Dicke effect. We study this effect by treating the ensemble of N atoms as a single effective N + 1-level 'Dicke atom' which couples to the environment-assisted quantum electrodynamic field. We find that an environment can indeed alter the superradiant emission dynamics, as exemplified using a perfectly conducting plate. As the emission acquires an additional anisotropy in the presence of the plate, we find an associated resonant Casimir-Polder potential for the atom that is collectively enhanced and that exhibits a superradiant burst in its dynamics. An additional tuneability of the effect is introduced by applying an external driving laser field.
The emission by an initially completely inverted atomic ensemble in the long-wavelength regime is simultaneously enhanced by both collective effects (Dicke effect) and dielectric environments (Purcell effect) , thus giving rise to a combined Purcell-Dicke effect. We study this effect by treating the ensemble of N atoms as a single effective N + 1-level 'Dicke atom' which couples to the environment-assisted quantum electrodynamic field. We find that an environment can indeed alter the superradiant emission dynamics, as exemplified using a perfectly conducting plate. As the emission acquires an additional anisotropy in the presence of the plate, we find an associated resonant Casimir-Polder potential for the atom that is collectively enhanced and that exhibits a superradiant burst in its dynamics. An additional tuneability of the effect is introduced by applying an external driving laser field.
Recent studies of atom-light interactions in non-trivial environments have increasingly focused on collective effects [1, 2] . In such efforts, two very distinct phenomena can potentially lead to a complex interplay: the CasimirPolder potential of a single atom near a surface mediated by the vacuum fluctuations [3] and the associated change of the atom's spontaneous emission rate due to the surface's presence (Purcell effect [4] ), and the collective enhancement of radiation in an atomic ensemble (Dicke effect [5] ).
The Casimir-Polder potential and its associated force are part of the field of dispersion forces, which are pure quantum forces in a sense that they stem from zeropoint fluctuations of the quantized electromagnetic field. There are a variety of theoretical frameworks to describe the Casimir-Polder potential [6, 7] . We use macroscopic quantum electrodynamics (QED), cf. e.g. Ref. [8] , an extension of vacuum QED incorporating material properties by macroscopic response functions such as permittivity or permeability. Experimentally, Casimir-Polder forces can be made visible directly via the change of the atomic motion under the influence of the potential, e.g. by measuring the deflection angle of atoms passing a macroscopic object such as a V-shaped cavity [9] , or in an indirect approach using spectroscopy to detect the shift of the atomic transition frequency [10] .
Originally defined as the enhancement of the rate of spontaneous decay of an atom coupled to a single-mode resonant cavity [4, 11] , the term Purcell effect can also be extended to a situation where the atom is in vicinity to a single surface providing a large density of states and thus an enhancement of the radiative decay [12, 13] . This has been exploited, e.g. by increasing light emission of quantum wells in InGaN light-emitting diodes by means of surface plasmons [14] .
Superradiance is another effect which enhances light emission, in this case by a collective mechanism in an ensemble of atoms [15] . The characteristics of the emerging superradiant peak for a total number of atoms N are the proportionality of its height to N 2 and its width to 1/N . The first experimental verification of superradiance was realized in an optically pumped hydrogen fluoride gas [16] . After this first detection, superradiance was studied for several systems, e.g. in quantum dots [17] , single diamond nanocrystals [18] , Rydberg atoms [19] , or artificial atoms in a cavity [1] . As a further development, collective effects have recently been demonstrated to impact atom-light interactions near surfaces [2] . There, by studying the cooperative coupling of ultracold atoms to surface plasmons propagating on a plane gold surface a Purcell enhancement of the atomic fluorescence caused by the surface plasmons was found.
This Letter reports on the superradiant intensity of atomic emitters in arbitrary structured environments, illustrated for the example of a perfectly conducting planar surface (see Fig. 1 ). In addition, we demonstrate how the Dicke effect is manifested in an enhanced Casimir-Polder interaction between the atomic ensemble and the surface. Note that Ref. [20] presents calculations of the collective Casimir-Polder force in the same spirit based on a complementary approach involving master equations.
We are going to study the influence of a nearby surface on the superradiant emission burst of an atomic cloud and derive the associated collective Casimir-Polder potential due to photon recoil. The Hamiltonian of this systemĤ =Ĥ F +Ĥ A +Ĥ AF consists of the surface-assisted field contributionĤ F , the collective atomic HamiltonianĤ A and the interaction term coupling the atoms to the electromagnetic fieldĤ AF . In the framework of macroscopic quantum electrodynamics (QED) [21, 22] , spontaneously fluctuating noise currents are described by polariton-like annihilation and creation operatorsf (r, ω) andf † (r, ω), which form the Hamiltonian of the mediumassisted electromagnetic fieldĤ F . The frequency components of the electric fieldÊ (r, ω) are given by [23] Green's tensor G (r, r , ω) is the formal solution of the Helmholtz equation for the electromagnetic field [23] . The electric fieldÊ (r i ) at the position r i of each atom i couples to the respective dipole momentsd i according to the multipolar coupling, yielding the interaction HamiltonianĤ AF
where N is the total number of atoms in the cloud. According to the Dicke model [5] , the atoms are assumed to be motionless and confined to a volume much smaller than the wavelength λ of the applied or emitted fields.
In essence all atoms then feel the same average electromagnetic fieldÊ (r A ).
As outlined in Ref. [15] , one can then establish the Dicke states as symmetric eigenstates of the atomic ensemble. All atoms are considered as identical two-level systems with an excited state |e and a ground state |g separated by an energy ω A and coupled by the singleatom dipole moment d = e|d i |g . Initially, the atoms are prepared in the maximally excited state
Here, we assume that the atoms interact only with the electromagnetic field and atomic collisions or other relaxation processes are discarded. All atomic states being involved in the subsequent evolution have to be invariant with respect to an exchange of any two atoms. This property is represented by a symmetric superposition of N spin-1/2 states, which is an eigenstate of the angular momentum operatorĴ at its maximal eigenvalue J = N/2. These N + 1 collective Dicke states can be obtained by successive application of the symmetric collective deexcitation operator to the initial state (2)
|e, e, ..., e 
where there are (J + M )! possibilities to arrange the excited atoms and (J − M )! possibilities for the groundstate atoms. Making use of the normalized symmetrization operatorŜ the totally symmetrical state |J, M (3) has
distinct contributions. The square root of this expression serves as normalizing factor for the completely symmetric state |J, M . Collective operators can be introduced bŷ
and are analogous to the operators of angular momentum with J = N/2. Using Eq. (6), the atomic Hamiltonian
Making use of the collective operators (6) the atomic cloud of identical two-level atoms may be regarded as one single 'Dicke atom' having dipole transitions only between neighboring states, which are all separated by ω A . Figure 1 depicts the Dicke states |J, M (3) as eigenstates of angular momentum. The interaction HamiltonianĤ AF can be expressed asĤ AF = −(Ĵ + +Ĵ − )d·Ê (r A ) with the single-atom dipole moment d.
One can then define the rate of photon emission in state |J, M decaying to state |J, M − 1 in the Dicke picture based on the decay rate of a single atom [22, 24] as 
The decay rate of the Dicke state |J, M (7) contains the two dipole moments d M,M −1 (8) and d M −1,M , resulting in an expression for the decay rate of Γ M,M −1 = (J + M ) (J − M + 1) Γ, which is formally identical to the free-space result from Ref. [15] . These scaling properties represent an intrinsic connection between Dicke states (3) and decay rates (7) and is the fundamental difference between one single atom with N quantum states and a collection of N atoms in the Dicke approximation. As we will see, this further leads to a superradiance-like scaling behavior of the collective Casimir-Polder potential for the atomic cloud.
As mentioned above, the surface's presence modifies the collective decay rate (7) by a Purcell factor
This can be seen by decomposing the Green's tensor into
bulk part G (0) (r A , r A , ω A ) responsible for the free-space decay rate
and scattering part G (1) (r A , r A , ω A ) yielding the Purcell factor
At this point, it is worth checking the long-wavelength assumption of the Dicke model. To this end, we consider two atoms to be located at slightly different positions. Beside the symmetric superradiant state (3), an antisymmetric subradiant state, which would be the singlet state if there were only two atoms, will emit radiation in this case. As shown in Ref. [25] the decay process is governed by a joint decay rate of the two atoms i = 1 and i = 2:
To see if the conditions of superradiance hold, we need to check if the decay rate Γ M =1,M =0 = Γ + Γ 12 of the superradiant two-atom state is indeed equal to 2Γ as suggested by Eq. (7). This is the case if F = Γ 12 /Γ 1. We display this superradiance fidelity for two atoms near a perfectly conducting surface [26] where we fix the position of one atom and vary the position of the other. One observes that the fidelity F is indeed close to unity in a corridor around atom 1. This anisotropy of the superradiance region is induced by the presence of the surface, as seen by comparison with the free-space case. and the scattered rate from an image dipole Γ 12 (1) and thus vanishes at the boundary z = 0. We indicate regions where F = (100 ± 5) % (red corridor). For comparison, we also display the fidelity in free space
12 /Γ (0) = (100 ± 5) % (red circle). The shape and width of the corridor depend on the orientation of the dipole.
In the following, we assume that all atoms are sufficiently close to one another, so that superradiance occurs. The total photon emission I(t) is then given by the sum of photon emission rates for state |J, M , Γ M,M −1 (7), weighted by respective time-dependent probabilities p M (t)
A set of rate equations for the probabilities is set up by computing the decay rate for each collective atomic state |J, M (7)
for −J ≤ M ≤ J. Figure 3 shows the emitted intensity for an atomic ensemble of N = 50 and N = 100 atoms at a distance of z A = 10 −7 m from the surface scaled by the single-atom vacuum decay rate Γ (0) . The superradiant emission burst is very pronounced especially for a large number of atoms. The presence of the surface enhances this effect even further thus giving a PurcellDicke enhancement. The insets shows a logarithmic plot of the peak height and the peak width as function of the number of atoms N . We observe the well-known proper- ties for the peak height of ∝ N 2 and the peak width of ∝ 1/N .
The collective emission by the atomic ensemble is intrinsically related to the Casimir-Polder potential of the atomic ensemble, where we further allow for the presence of a monochromatic coherent driving laser field E (r A , t) = E (r A ) cos (ω L t) of frequency ω L . Based on the approach using the interaction Hamiltonian (1) in the framework of macroscopic QED, the time-dependent total Casimir-Polder potential for the atomic cloud reads [22] 
with the dipole moment operator in the Dicke picturê
The differential equation of the expectation value of the nondiagonal elements of the atomic flip operator contains the driving laser field and reads
The respective differential equation of the diagonal elements of the atomic flip operator Â M,M (t) is identical with the rate equation for the probability p M (t) (13) with the additional term from the driving laser field in Eq. (15) . The decay rates having four indices are de-
To calculate the laser-driven Casimir-Polder potential the expectation value of correlated atomic dipole moments d (t)d (τ ) is required. In the absence of a driving electric field the potential term (14) is readily calculated using the quantum regression theorem [22] and the residue theorem. Eventually, the laser-driven CasimirPolder potential has nonresonant parts, which are not considered in our analysis. The remaining resonant potential represents a sum of potentials for each energy level weighted by the respective probabilities
with
All damping terms are assumed to be much smaller than the laser frequency and the transition frequency: Γ ω L , ω. The probabilities can also be computed using a master equation [20] with a system Hamiltonian consisting of the atomic HamiltonianĤ A and the driving Hamiltonian, which is explained in Ref. [27] . The Lindblad Liouvillian describes spontaneous emission with the collective operators (6) . Figure 4 shows the collective Casimir-Polder potential (16) of an atomic ensemble of N = 50 and N = 100 atoms. As shown in the insets, the peak height and the peak width exhibit the typical superradiant scalings with N 2 and 1/N , respectively and the peak position is thus given by t = 1/ (N Γ).
By applying an electric driving field, the time scale is additionally governed by the Rabi frequency Rabi oscillations are superposed on the peak. Figure 4 shows the Casimir-Polder potential with applied electric field in the regime N Γ ≈ Ω, where the peak structure is significantly altered. In this Letter, we have studied the enhancement of the photon emission and the Casimir-Polder potential due to collective effects and the presence of a surface in a combined Purcell-Dicke effect. We show the connection of the decay rate in the Dicke picture with the single-atom rate via the atomic dipole moments using the symmetric Dicke states. The long-wavelength approximation according to the Dicke model is checked by comparing the joint decay rate of two atoms placed slightly away from each other with the respective Dicke decay rate. The enhancement due to the presence of the surface is described in the form of a Purcell fidelity given by the surfaceinduced decay rate Γ (1) relative to the free-space decay rate Γ (0) . This enhancement effect is depicted for the total photon emission and the collective Casimir-Polder potential for a mesoscopic number of atoms in the vicinity of a perfectly conducting mirror, showing peak heights and widths which fulfill the criteria of superradiance. As shown, an external driving laser can be used to manipulate the dynamics of the potential.
The Dicke enhancement of the Casimir-Polder force can be exploited to significantly increase sensitivity without having to extend interaction times. In this way, such forces can be used as sensitive probes of atomic or surface properties such as chirality [28] or CP violation [29] or even facilitate the (spectroscopic) detection of quantum friction [30, 31] . We acknowledge helpful discussions with Miguel Bastarrachea, Robert Bennett, Diego Dalvit, Francesco Intravaia, Björn Kubala and Ian Walmsley. This work was supported by the German Research Foundation (DFG, Grants BU 1803/3-1 and GRK 2079/1). S.Y.B is grateful for support by the Freiburg Institute of Advanced Studies.
